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thermoplastics, in the last years new inorganic fibers have invaded the composite's industry as alternatives to glass and carbon fibers for industrial, medical, electrical, etc. applications. [20] This is the case of basalt fiber obtained from widely spread basalt mineral, which offers some advantages with regard to glass fiber by considering Life Cycle Assessment (LCA) approach or nature silica. [21] [22] [23] [24] Another recent initiative is the slate fiber (SF) obtained from slate wastes.
Slate is a widely used material for roofing; this industry is characterized by a large waste generation (one ton end product could generate almost 30 tons of waste) thus leading to a high environmental impact. For this reason the survival of this industry is directly linked to its capacity to upgrade wastes. [25] Some attempts have been used in order to upgrade slate powder as filler for polymers [26] or even as a filler for thermosetting resins such as unsaturated polyesters or epoxies. Galicia is one of the largest producers of slate in Europe with about 90% production in Europe. Being aware of the high environmental impact of the generated slate wastes, important efforts focused on slate waste upgrading have been made in the last years.
Mifibra is a Galician company which commercializes a novel fiber obtained from slate wastes with potential uses in composite's industry (pultruded bars and profiles, fabrics for laminates, isolation panels, twisted yarns, etc.). This contributes twice to environment: on one hand the large volume amounts of slate wastes are reduced and on the other hand, wastes represent the base material for fiber production with new and attractive industrial and technical uses.
The main aim of this work is manufacturing of new environmentally friendly thermoplastic reinforced composites by using high density polyethylene from sugarcane and slate fiber from slate wastes. Slate fibers treated with a hydrophobic silane namely, propyltrimethoxy silane (PTMS) are used in combination with and without conventional compatibilizer copolymer (polyethylene graft maleic anhydride, PE-g-MA) to evaluate the influence on overall properties for a fixed slate fiber content of 20 wt.%. In addition, the effect of the slate fiber content in the 5-30 wt.% on mechanical properties of HDPE-slate fiber composites is evaluated. Page 4 2.-Materials and methods.
2.1.-Materials.
Base polymer for composites was high density polyethylene (HDPE) commercial grade SHA7260 from Braskem (BRASKEM, Sao Paulo, Brasil) supplied by FKuR (FKuR Kunststoff GmbH, Willich, Germany) with a minimum biobased content of 94% (as determined by ASTM D6866). It is characterized by a melt flow index (MFI) of 20 g/10 min at 190 ºC and a density of 0.955 g cm -3 . And it is suitable for injection molding.
Slate fiber (SF) from Mifibra (MIFIBRA S.L., Ourense, España) 15 mm in length and a diameter in the 15-23 m range was used as reinforcing fiber for HDPE-based composites.
Before composite manufacturing, slate fibers were washed with distilled water and subsequently they were placed in an oven at 350 ºC for 3 h to remove organic sizings. Chemical characterization of slate fiber was carried out with X-ray fluorescence spectroscopy in a sequential X-ray spectrometer PHILIPS MAGIX PRO PW2400 equipped with a rhodium tube and a beryllium window. Results of chemical composition were analyzed by using the SuperQ analytical software. Table 1 shows a summary of the chemical composition of slate fiber obtained by XRF.
Table 1
A hydrophobic silane coupling agent was used to improve fiber-matrix interactions:
propyl trimethoxy silane; PTMS supplied by Sigma Aldrich (Sigma Aldrich, Madrid, Spain). A typical graft copolymer polyethylene-graft-maleic anhydride; PE-g-MA supplied by Sigma Aldrich was also used to increase compatibility between the inorganic slate fiber and the organic HDPE matrix.
Table 2
Silane treatment was carried out as follows: 1 wt.% silane with respect to the slate fiber to silanize, was dissolved in a 50/50 water/methanol solution and the final solution was stirred for 10 min to ensure homogenization and hydrolysis of alkoxy groups. After this, slate fiber was immersed in this solution for 15 min and subsequently, slate fiber was removed and was washed with distilled water and dried at room temperature for 24 h. 
2.4.-Characterization of HDPE-slate fiber fractured surfaces.
Fractured surfaces of HDPE-SF composites from impact tests were analyzed by scanning electron microscopy (SEM) with a FEI mod. Phenom (FEI Company, Eindoven, The Netherlands). All fractured samples were previously coated with a thin gold-palladium alloy with a sputter coater EMITECH model SC7620 (Quorum Technologies, East Suseex, UK).
2.5.-DMA de los composites de BioPE-Slate fiber.
Mechanical dynamical properties of HDPE-SF composites was evaluated in an oscillatory rheometer AR G2 (TA Instruments, New Castle, EEUU) equipped with a DMA accessory (torsion mode) for solid samples. Samples sizing 40x40x4 mm 3 were subjected to a temperature program from -50 ºC up to 100 ºC at a heating rate of 2 ºC min -1 under controlled strain of 0.1%.at a frequency of 1 Hz.
3.-Results and discussion.
3.1.-Study of the effect of compatibilizing system.
Firstly, the effect of the compatibilizing system on overall mechanical properties of HDPE-SF composites was evaluated at a constant slate fiber content of 20 wt.%. Table 3 shows a summary of the main mechanical properties obtained in tensile and flexural tests and impact tests. Table 3 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 As it can be observed, addition of conventional compatibilizer (SF-PTMS-MA) does not lead to an increase in tensile strength but a small decrease can be detected which is accompanied by a slight increase in elongation at break. Obviously, as the elastic modulus is directly related to tensile strength and inversely related to elongation at break, the overall effect of the combination of hydrophobic silane and conventional graft compatibilizer is a slight decrease in elastic modulus.
Regarding the evolution of the tensile modulus, similar tendency can be observed. The only addition of slate fiber without any compatibilizer leads to a remarkable increase in stiffness. The initial elastic modulus of the unreinforced HDPE is close to 373 MPa and this Page 8 value is increased up to values of about 1483 MPa by the only addition of 20 wt.% uncompatibilized slate fiber. One can observe that the silane treatment (alone or combined with the maleinized copolymer) promotes an increase in stiffness up to values of 1701 and 1642 MPa respectively.
With regard to flexural tests of HDPE-SF composites we observe the same behavior as previous tensile results. Composite samples with slate fiber subjected to silane (PTMS) treatment show the highest flexural strength with values of 26.7 MPa which is slightly higher to the value corresponding to composites with combined compatibilizer system (PTMS silane treatment combined with 2 wt.% polyethylene graft maleic anhydride). In the case of flexural tests, the effectiveness of the compatibilization is clearly evident as both flexural strength and modulus are higher for HDPE-slate fiber composites with different compatibilization systems compared to the uncompatibilized system. The flexural modulus is increased up to values of about 2622 MPa which represents almost 54% higher than uncompatibilized HDPE-SF composites and 325% increase with regard to the unreinforced HDPE matrix.
As expected, the addition of reinforcing fiber into HDPE matrix leads to a remarkable decrease in elongation at break as observed in Table 3 . Short fibers randomly dispersed into the HDPE matrix provide good stiffness but they act as stress concentrators thus leading to dramatic decrease in elongation at break.
Concerning to impact energy, all HDPE-SF composites (notched samples) show higher energy absorption than the unreinforced HDPE matrix. HDPE-SF composites with slate fibers subjected to surface treatment with PTMS offer the maximum energy absorption with values of about 3.4 J m -2 which represents a percentage increase of 13% with regard to the untreated slate fiber and 35% with regard to unreinforced HDPE matrix.
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Figure 1
As we can see, HDPE-SF composites with untreated slate fiber (SF) are characterized by a very low fiber-matrix interaction as observed in Fig. 1a . This is evidenced by presence of gaps at fiber-matrix interface. In addition, big holes and cavities related to removed slate fiber during impact tests can be observed thus evidencing low interaction between the organic matrix and the inorganic reinforcing fiber. The absence of fiber-matrix interactions does not allow load transfer from the matrix to the fiber so that, the fiber has a stress concentration effect which is responsible for relatively poor mechanical properties. The use of different compatibilizer systems leads improved fiber-matrix interactions as it can be observed in Fig. 1b, 1c and 1d .
Presence of cavities due to removed slate fiber during fracture is less intense as compared to untreated slate fiber (SF). As a consequence load transfer between matrix and fiber occurs in a higher extent and this is responsible for higher tensile and flexural strength values for HDPE-SF composites with different compatibilizing systems. This effect is more evident for silane-treated samples as observed in Fig. 1c and 1d since fewer cavities can be detected in the fractured surface. Another evidence of the better interface interaction is the amount of material (HDPE matrix) that remains adhered to the fiber after the fracture by impact; this can be seen in Fig. 1c and 1d in which, a small amount of polyethylene matrix can be detected along the fiber surface.
HDPE-SF composites without previous silane treatment offer clean and smooth surfaces representative for low fiber-matrix interaction.
Figure 2
The effect of the compatibilizing system can also be observed by following the evolution of the storage modulus (G') with temperature. Fig. 2 shows plots evolution of the storage modulus for unreinforced HDPE and HDPE-SF composites with different compatibilizing systems. As it can be observed the only addition of 20 wt.% slate fiber leads to 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 Page 10 a remarkable increase in G' and this phenomenon is more intense at low temperatures. In general terms we can see that silane-treated slate fiber (alone and combined with PE-g-MA) leads to slightly higher G' values which is in total accordance with previous tensile and flexural results. With regard to the use of PE-g-MA as unique compatibilizer, once again we observe slightly lower G' values (even lower than the uncompatibilized HDPE-SF composites). The highest G' values for all the temperature range are obtained for HDPE-SF composites with previous silane treatment (PTMS) for slate fibers.
3.2.-Effect of slate fiber content on properties of HDPE-SF composites.
As we have clearly observed, silane-treated (propyletrimethoxy silane, PTMS) is the best compatibilizing system for the HDPE-slate fiber system. The silane treatment allows chemical anchorage of hydrophobic groups (propyl) as a consequence of the reaction between the hydrolyzed methoxy groups and hydroxyl groups in the topmost layers of the slate fibers thus leading to increase affinity with hydrophobic polyethylene chains. In general terms, propyletrimethoxy silane provides dual functionality to increase polyethylene (hydrophobic)-slate fiber (hydrophilic) interaction.
Once the optimum compatibilizing system has been selected, the influence of the slate fiber content on HDPE-slate fibers was studied by varying the slate fiber content in the 5-30 wt.% range). With regard to the ability of the material to absorb energy (impact conditions), we observe a slight decrease in the Charpy's impact energy values for low slate fiber contents in the 5-10 wt.% range. In this case, it seems that it is not possible to transfer impact load from the HDPE matrix to the fiber as slate fiber appears as short dispersed fibers in the HDPE matrix and this low content is not enough to support all the impact stress. On the other hand, composites containing 20 and 30 wt.% slate fiber show a clear increase in the absorbed energy. Charpy's impact energy reaches maximum values for HDPE-SF composites containing 30 wt.% slate fiber with values of about 4.2 kJ m -2 which represents a percentage increase of almost 61%.
Figure 4
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As we have described previously, the slate fiber content has a positive effect on mechanical resistant properties such as strength, modulus, stiffness but a decrease is detected for mechanical ductile properties such as elongation at break. Fig. 4 shows different SEM images of fractured surfaces after impact tests for HDPE-SF composites with different slate fiber content.
With regard to HDPE-SF composites with 5 wt.% slate fiber, we have previously observed a slight decrease in Charpy's absorbed energy and this can be explained by observing the corresponding fracture surface (Fig. 4a) . When impact occurs, the composite is subjected to high stress; then, the matrix tries to transfer load/stress to the stiffer component (slate fiber) but in this case, the slate fiber content is too low to support all the transferred loads so that, the composite breaks with relatively low energy absorption. As the slate fiber content increases, the impact strength is transferred to more slate fibers which can dissipate some additional impact energy thus leading to increased Charpy's absorbed energy values. Fractured surfaces for HDPE-SF composites with 20-30 wt.% slate fiber (Fig. 4 c and 4d) show clear evidence of the potential distribution of the impact stress between a high amount of short slate fibers and this has a positive effect on impact absorbed energy as described before.
Figure 5
The improvement on stiffness is also evident from DMA (torsion) tests as observed in ) and slate fiber (2.68 g cm -3 ); so that 5 wt.% slate fiber represents only a 1.8 v/v %. The non-reinforcing effect can be clearly observed by following the evolution of the storage modulus, G' for HDPE-SF composites containing 5 wt.% slate fiber which overlaps the unreinforced material. The reinforcing effects can be observed for slate fiber contents over 10 wt.% as G' is shifted to higher values.
Page 13 4.-Conclusions.
High environmentally friendly thermoplastic composites were manufactured by using high density polyethylene (HDPE) from sugarcane and new siliceous fiber namely slate fiber (SF) from slate wastes. Composites were manufactured by extrusion-compounding followed by injection molding. Different compatibilizing systems were tested in order to improve fibermatrix interactions: silane treatment with hydrophobic propyltrimethoxy silane (PTMS) and a polyethylene graft maleic anhydride copolymer (PE-g-MA), alone and in combination.
Optimum results were obtained for HDPE-SF with silane-treated (PTMS) slate fibers as described by mechanical properties and SEM analysis. On the other hand, the real reinforcing effect of slate fibers can be observed for fiber contents over 10 wt.% slate fiber as all mechanical resistant properties (strength, modulus, stiffness) are remarkably increased but, in addition, the Charpy's absorbed energy is higher than the unreinforced matrix. Due to the nature and density of the slate fiber, it is possible to add it in conventional extrusion and subsequent injection molding processes up to a total content of about 30 wt.% with attraction increase in stiffness. As a general conclusion, we report new attractive materials from technical, economical and environmental points of view which can compete with conventional glass fiber (GF) reinforced petroleum-based polyolefins such as polyethylene and polypropylene but with a marked environmental efficiency as the matrix is obtained from renewable resources and slate fiber gives a solution to an increasing problematic linked to slate wastes accumulation. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 Page 18 
